Introduction
============

Rechargeable potassium-ion batteries (PIBs) are a promising alternative to lithium-ion batteries (LIBs) for large-scale electrical energy storage because of the abundance of potassium resources, low cost, and environmental benignity.[@cit1]--[@cit7] However, their development has been hindered by the lack of appropriate electrode materials that could reversibly store K-ions.[@cit2],[@cit6]--[@cit9] For the cathode, layered transition metal oxides,[@cit10]--[@cit12] transition metal sulfides/phosphates,[@cit13]--[@cit15] and Prussian blue and its analogs have been intensively investigated, and they show promising prospects.[@cit4],[@cit16]--[@cit19] In particular, due to a framework structure, Prussian blue and its analogs could effectively accommodate the structural changes induced by K-ion insertion/extraction and exhibit relatively high capacity, cell voltage, and cyclability.[@cit4],[@cit16]--[@cit19] For the anode, several materials have been intensively studied, including carbonaceous materials (*i.e.*, graphite, graphene, and hard/soft carbon),[@cit3],[@cit20]--[@cit24] organic anode materials,[@cit25],[@cit26] alloy-type metals (*i.e.*, Sb, Sn, and Sn~4~P~3~),[@cit27]--[@cit30] metal oxides/sulfides,[@cit31]--[@cit35] and metal phosphates (*i.e.*, KTi~2~(PO~4~)~3~).[@cit36] However, none of these anode materials are yet to achieve electrochemical performances that match that of Prussian blue and its analogs on the cathode side.

Very recently, Guo *et al.* and Chen *et al.* showed that each bismuth (Bi) can store three K^+^ maximum *via* forming a K~3~Bi alloy.[@cit37],[@cit38] This alloy reaction, in theory, gives specific and volumetric capacities of 385 mA h g^--1^ and 1147 mA hcm^--3^, respectively, both of which are significantly higher than those of graphite, Sn and KTi~2~(PO~4~)~3~ ([Fig. 1](#fig1){ref-type="fig"}). Equally important is that this new battery chemistry operates at an average potential of ∼0.6 V *versus* K/K^+^, making it intrinsically free from potassium plating which may cause catastrophic battery failure. These merits together with low cost and nontoxic features make Bi a promising candidate anode material for PIBs.[@cit37]--[@cit40] However, similar to other high capacity alloy anodes, the phase transformation from Bi to K~3~Bi presents a volume expansion of ∼400%. Such a large volume change inevitably decreases the stabilities of both the structure and solid electrolyte interphase (SEI) formed on the Bi surface, inducing rapid capacity decay upon electrochemical cycling in conventional electrolytes. This problem is similar to those observed in LIBs, but it is even more challenging due to the large ionic radius of K^+^ (1.38 Å), which is 81.6% larger than that of Li^+^.[@cit7]

![Potassium-ion storage potential of Bi compared to that of graphite, Sn, and KTi~2~(PO~4~)~3~. The (*x*, *y*, *z*) coordinates represent the theoretical specific capacity, theoretical volumetric capacity, and average operation potential, respectively. All the specific capacities are calculated based on the mass of the active material, while the volumetric capacities are calculated based on the volume and density of the final potassiated phase (K~3~Bi, KC~8~, and KSn) except KTi~2~(PO~4~)~3~ whose value is estimated based on the original phase as its potassiated structure remains unknown.](c8sc01848k-f1){#fig1}

Here, we show that a bismuth--carbon anode operating in a 5 M concentrated electrolyte of potassium bis(trifluoromethylsulfonyl)imide (KTFSI) in diethylene glycol dimethyl ether (DEGDME) simultaneously achieves high specific capacity, cyclability, and Coulombic efficiency, small potential hysteresis and improved rate capability well beyond those of the typical 1 M electrolyte. We also found that an even higher electrolyte concentration (7 M) results in similar cyclability, potential hysteresis and Coulombic efficiency for the Bi\@C nanocomposite anode, but its K-ion storage capacity and rate capability are largely sacrificed. These results uncover an unexpected critical role of electrolyte chemistry in Bi--K batteries.

Results and discussion
======================

The phase purity and crystallinity of the as-synthesized bismuth--carbon (Bi\@C) nanocomposites were confirmed by X-ray powder diffraction (XRD) ([Fig. 2a](#fig2){ref-type="fig"}). All the diffraction peaks shown in the XRD pattern can be indexed to the rhombohedral phase with a space group of *R*3\[combining macron\]*m*. The corresponding crystal structure of Bi is shown in the inset of [Fig. 2a](#fig2){ref-type="fig"}. Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM) images show that the Bi nanoparticles have an average diameter of ∼30 nm while the carbon coating is roughly 15 nm thick ([Fig. 2b--d](#fig2){ref-type="fig"}, S1, ESI[†](#fn1){ref-type="fn"}). The content of Bi in these Bi\@C materials is 85.6 wt%, as revealed by thermogravimetric analysis (Fig. S2, ESI[†](#fn1){ref-type="fn"}). These Bi\@C materials were mixed with Super-P carbon black and a carboxymethyl cellulose binder to fabricate the electrodes based on a slurry-coating process. The mass loading of Bi in the electrodes is ∼1.3 mg cm^--2^. The Bi\@C anodes together with carbon black and the binder were directly peeled from Al current collectors for Brunauer--Emmett--Teller (BET) measurements, which give a specific surface area of 24.7 m^2^ g^--1^ for the bulk anode (Fig. S3, ESI[†](#fn1){ref-type="fn"}).

![XRD and electron microscopy characterization of the Bi\@C nanocomposite: (a) XRD confirming the purity and crystallinity of Bi\@C. The inset shows the crystal structure of Bi. (b) SEM image, (c) TEM image, and (d) dark-field TEM EDS mapping of the Bi\@C nanocomposite.](c8sc01848k-f2){#fig2}

To evaluate the electrolyte-concentration effect on electrochemical performances, the Bi\@C anodes were coupled with K-foil and the KTFSI--DEGDME electrolytes (1 M, 5 M and 7 M) to fabricate PIB half-cells which subsequently underwent galvanostatic cycling. As shown in [Fig. 3a and b](#fig3){ref-type="fig"}, at a low rate of 10 mA g^--1^ (∼0.025C), the Bi\@C anode delivers an initial reversible depotassiation capacity of 227 mA h g^--1^ with an initial Coulombic efficiency (CE) of 46.3% under the 5 M electrolyte. Note that all the capacities herein were calculated based on the mass of Bi\@C. The low initial CE is commonly observed in alloy-type anodes and could be attributed to the formation of the SEI.[@cit29],[@cit37] After five-cycle activation, a reversible depotassiation capacity of 250 mA h g^--1^ was achieved in the 6th cycle. This high specific capacity is comparable to that of graphitic anodes and a bit higher than those of Sn, MoS~2~, and Ti-based oxides/phosphates.[@cit3],[@cit20],[@cit31]--[@cit33],[@cit36] In contrast, when the 1 M electrolyte was applied, the Bi\@C anode shows a lower initial reversible depotassiation capacity of 171 mA h g^--1^ and a lower initial CE of 39.4% while with even more concentrated 7 M electrolyte, the highest initial CE of 51.0% and a moderately high initial depotassiation capacity of 199 mA h g^--1^ were achieved. The capacity retention after 15 cycles is similar for concentrated electrolytes (78% for 5 M and 76% for 7 M), nearly twice that with the 1 M electrolyte (44%). These discrepancies evidently reveal that electrochemical performances strongly depend on the electrolyte concentration. When the appropriate electrolyte concentration is used, the K-ion storage capacity and cyclability of the Bi\@C anode can be significantly elevated. In addition, all the KTFSI--DEGDME electrolytes outperform the electrolyte of KPF~6~ in an ester-based solvent (the capacity completely decays within 5 cycles, as shown in Fig. S4, ESI[†](#fn1){ref-type="fn"}), consistent with previous reports.[@cit25],[@cit37],[@cit38] With the optimized 5 M electrolyte, three cathodic peaks (at around 0.88, 0.42, and 0.34 V) and the corresponding anodic ones (at around 1.20, 0.68, 0.53, and 0.47 V) observed in the d*Q*/d*V* curve indicate a small potential hysteresis (the gap between the cathodic and the corresponding anodic peak) of 0.16--0.32 V ([Fig. 3c](#fig3){ref-type="fig"}). This value is similar to that in the 7 M (0.16--0.30 V) electrolyte and smaller than that in the 1 M electrolyte (0.33--0.47 V) ([Fig. 3](#fig3){ref-type="fig"}, S5, ESI[†](#fn1){ref-type="fn"}), which indicates that concentrated electrolytes can depress the potential hysteresis in Bi\@C anodes and thus, in theory, allow the Bi--K battery chemistry to achieve higher energy efficiency. The presence of multiple cathodic/anodic peaks also indicates that this Bi--K battery chemistry may undergo a multi-step reaction which will be discussed in detail later in this paper. In addition, the Bi\@C anode exhibits an average potassiation potential of ∼0.60 V, which makes it intrinsically free from potassium plating, and thus improves safety over graphite and Sn.[@cit3],[@cit28]

![The electrochemical discrepancy of the Bi\@C anode at 10 mA g^--1^ in different electrolyte concentrations: (a) Depotassiation capacity and Coulombic efficiency (CE). (b) First-cycle voltage profiles. (c) d*Q*/d*V* curve in the 5th cycle in the 5 M KTFSI--DEGDME electrolyte. (d--f) Galvanostatic voltage profiles in the 1 M (d), 5 M (e), and 7 M (f) KTFSI--DEGDME electrolytes.](c8sc01848k-f3){#fig3}

Apart from the positive impact on safety, the electrolyte concentration also evidently improves the long-term cyclability of the Bi\@C anodes. At a rate of 50 mA g^--1^ (∼0.14C), the Bi\@C anode in the 5 M electrolyte delivers a maximum reversible capacity of 220 mA h g^--1^ after a few cycles of activation, and 88% of the capacity remains in the 20th cycle ([Fig. 4a](#fig4){ref-type="fig"}). In contrast, the corresponding capacity retention of the Bi\@C anode in the 1 M and 3 M electrolytes is as low as 25% and 69%, respectively, while in the 7 M electrolyte, an even higher capacity retention of 92% can be achieved, but the reversible capacity was significantly compromised (90 mA h g^--1^). The same trend was observed at a rate of 100 mA h g^--1^. As shown in [Fig. 4b](#fig4){ref-type="fig"}, the reversible capacities in the 35th cycle are 10, 67, 151, and 36 mA h g^--1^ for the 1 M, 3 M, 5 M, and 7 M electrolytes, respectively, with a capacity retention of 10%, 49%, 85%, and 90%. These results again demonstrate the vital role of appropriate electrolyte concentration in the Bi--K battery chemistry. In the 5 M electrolyte, the Bi\@C anode achieves excellent cyclability over 600 cycles with 85% capacity retention and an average Coulombic efficiency (from the 2nd to the 600th cycle) of 99.35% at 200 mA g^--1^ ([Fig. 4c](#fig4){ref-type="fig"}).

![Electrolyte concentration effects on electrochemical cyclability and rate capability of the Bi\@C anode: (a) Depotassiation capacity and Coulombic efficiency at 50 mA g^--1^. (b) Cyclability at 100 mA g^--1^. Solid and empty squares represent the potassiation and depotassiation capacities, respectively. (c) Long-term cyclability at 200 mA g^--1^ in the 5 M KTFSI--DEGDME electrolyte. For clarity, the first cycle is not shown. (d--f) Rate capability in the 1 M (a), 5 M (b), and 7 M (c) KTFSI--DEGDME electrolytes.](c8sc01848k-f4){#fig4}

At the 5 M electrolyte concentration, the rate capability of the Bi\@C anode is also optimal. Excess electrolyte concentration can adversely affect the rate capability of Bi\@C anodes. As shown in [Fig. 4d--f](#fig4){ref-type="fig"} and S6,[†](#fn1){ref-type="fn"} the depotassiation capacities of the Bi\@C anodes vary slightly in the 1 M, 3 M, 5 M, and 7 M electrolytes at a low rate of 10 mA g^--1^. However, at a higher rate of 30 mA g^--1^, the Bi\@C anode in the 5 M electrolyte exhibits a depotassiation capacity of 202 mA h g^--1^ which is higher than those in the 1 M and 3 M electrolytes (163 and 153 mA h g^--1^, respectively) and more than twice that in the 7 M electrolyte (93 mA h g^--1^). This capacity discrepancy becomes more prominent at an even higher rate. At 100 mA g^--1^, the Bi\@C anode in the 5 M electrolyte can still deliver a relatively high depotassiation capacity of 158 mA h g^--1^, which cannot be achieved in the 1 M, 3 M or 7 M electrolytes. In particular, this capacity is four times as high as that in the 7 M electrolyte (39 mA h g^--1^).

This strong concentration dependence mainly, if not solely, arises from the electrolytes themselves as other components including the anode remain identical. Previous reports have suggested that DME molecules in a concentrated KFSI-DME electrolyte tend to donate the lone-pair electrons of oxygen to solvated K-ions.[@cit41] This behavior lowers the energy level of the highest occupied molecular orbital (HOMO) of DME and thus increases its redox resistance which is more than that of free DME in the low-concentration electrolyte.[@cit41] We speculated that, similar to DME, the long-chain DEGDME molecules in the concentrated electrolytes possess higher resistance to electrochemical reduction and consequently form less solid electrolyte interphase on the Bi\@C surface. This speculation is experimentally confirmed by linear sweep voltammetry (LSV) and *ex situ* SEM studies. As shown in [Fig. 5a and b](#fig5){ref-type="fig"}, the 1 M electrolyte shows a large reduction current of 0.022 mA at 0 V *versus* K/K^+^. In sharp contrast, the reduction current in the concentrated 3 M, 5 M, and 7 M electrolytes significantly reduces to 0.010, 0.009 and 0.008 mA, respectively, which are only 45.5%, 41% and 36% of that in the 1 M electrolyte. These results reveal that the reduction resistance of the KTFSI--DEGDME electrolyte is proportional to its concentration. The SEI formation behavior shown in [Fig. 5c--i](#fig5){ref-type="fig"} further confirms this concentration dependency. After one potassiation/depotassiation cycle, a thick SEI layer was observed on the surface of the Bi\@C anode in the 1 M electrolyte, making the anode surface barely visible. Conversely, much less SEI formation was observed in the concentrated 5 M and 7 M electrolytes, and the anode morphology is distinctly recognizable ([Fig. 5f--i](#fig5){ref-type="fig"}). In other words, the significantly improved reduction resistance of the 5 M electrolyte depresses the irreversible electrochemical reaction and contributes to less formation of the SEI, higher reversible capacity, cyclability and Coulombic efficiency beyond those of the typical 1 M electrolyte. Furthermore, a thinner SEI layer enables faster K-ion diffusion across it and thus smaller potential hysteresis and improved rate capability.

![Concentration-dependent reduction resistance of electrolytes: (a) linear sweep voltammetry (LSV) curves. (b) Normalized reduction current *versus* electrolyte concentration. (c--i) SEM images of the Bi\@C anode. The initial anode (c) and anodes after one potassiation/depotassiation cycle in the 1 M (d and e), 5 M (f and g), and 7 M (h and i) KTFSI--DEGDME electrolytes.](c8sc01848k-f5){#fig5}

To gain kinetic insights into the Bi\@C anode in the 5 M electrolyte, electrochemical impedance spectroscopy (EIS) and galvanostatic intermittent titration technique (GITT) experiments were conducted, and the results are presented in [Fig. 6](#fig6){ref-type="fig"} and S6.[†](#fn1){ref-type="fn"} The intercept of the Nyquist plots on the horizontal axis describes the electrolyte resistance (*R*~e~) which is 11.77 Ω after three-cycle activation ([Fig. 6c](#fig6){ref-type="fig"}, S7, ESI[†](#fn1){ref-type="fn"}). The high-frequency depressed semicircle presents the total resistances of contact (*R*~f~) and charge transfer (*R*~ct~), while the low-frequency slope line accounts for Warburg ion-diffusion resistance (*Z*~w~).[@cit42] After three-cycle activation, the *R*~f~ was observed to be 10.3 Ω. This *R*~f~ is related to the ion-diffusion resistance across the SEI layer formed on the Bi\@C surface, and its small value is a strong indication of well-developed electrolyte/electrode interfacial contact and relatively fast K^+^ permeation through the SEI film. The *R*~ct~ was estimated to be 408.9 Ω which is nearly 10 times lower than that observed in the graphite anode (4358 Ω),[@cit23] suggesting relatively fast charge transfer in the Bi\@C anode. Note that the electrolyte resistance (*R*~e~) in the 7 M electrolyte is ∼22 Ω which is about twice that in the 5 M electrolyte (Fig. S8, ESI[†](#fn1){ref-type="fn"}). This large resistance results in sluggish K-ion transport in the over-concentrated 7 M electrolyte and could account for the lower capacity and rate capability, compared with the 5 M electrolyte. In addition, as shown in [Fig. 6d](#fig6){ref-type="fig"}, the chemical diffusion coefficients of K-ions (*D*~K-ion~) in the Bi\@C electrode under the 5 M electrolyte were also estimated based on the GITT measurements and the surface area of the bulk anode. The *D*~K-ion~ values vary to some extent during cycling and are on the order of ∼10^--17^ cm^2^ s^--1^. This small *D*~K-ion~ can be attributed to the large size of K-ions (1.38 Å in ionic radius, 81.6% larger than that of Li^+^). Note that the ion diffusion coefficients are sometimes calculated based on the geometric area of electrodes and are usually several orders of magnitude higher. The *D*~K-ion~ values here are calculated to be ∼10^--12^ cm^2^ s^--1^ based on the geometric area of the anode.

![Reaction kinetics study of the Bi\@C nanocomposite anode in the 5 M KTFSI--DEGDME electrolyte: (a) EIS of the initial and cycled Bi\@C anodes. (b and c) EIS fitting data of the initial (b) and three times cycled Bi\@C anodes (c), where *R*~s~, *R*~f~, *R*~ct~, CPE, and *Z*~w~ represent the electrolyte resistance, contact resistance, charge-transfer resistance, constant-phase element, and Warburg ion-diffusion resistance, respectively. The insets of (b) and (c) show the corresponding equivalent circuits used for the data fitting. (d) GITT data collected during the 2nd cycle.](c8sc01848k-f6){#fig6}

The electrochemical reaction mechanism of the Bi--K battery chemistry was also investigated through *ex situ* XRD tests ([Fig. 7](#fig7){ref-type="fig"}). Upon potassiation at 0.8 V and 0.5 V, the XRD signals of KBi and unreacted Bi are detected. As the potassiation is extended to 0.1 V, a new signal of K~3~Bi appears. In the reversible process, the K~3~Bi phase coexists with KBi upon depotassiation at 0.5 V and disappears at 0.8 V. Upon further depotassiation at 1.5 V, nearly all K^+^ have been removed, and Bi dominates the detectable phase. Based on the experimental observations in the *ex situ* XRD study, the Bi--K battery chemistry may undergo two-phase reactions which involve the phase transformation of Bi metal to the KBi alloy and eventually the K~3~Bi alloy upon potassiation and a reversible process upon depotassiation ([Fig. 7b](#fig7){ref-type="fig"}). It is interesting to note that this reaction mechanism is distinctly different from those reported previously.[@cit37],[@cit38] Particularly, Guo *et al.* found that the Bi--K battery chemistry undergoes two-phase reactions as well, but the reactions experience the transformation of Bi to K~5~Bi~4~ and ultimately K~3~Bi,[@cit37] while in another work, Chen *et al.* observed a three-phase transformation from Bi to KBi~2~, K~3~Bi~2~, and K~3~Bi.[@cit38] The discrepancy in reaction mechanisms indicates that the Bi--K battery chemistry may undergo multi-phase (more than three-phase) reactions. Further studies are needed to resolve this discrepancy. Nevertheless, in all of these cases, the observed ultimate potassiation phase is always K~3~Bi, corresponding to a maximum K-ion storage capacity as high as 385 mA h g^--1^.

![Mechanistic studies of the Bi\@C anode in the 5 M KTFSI--DEGDME electrolyte: (a) *Ex situ* XRD recorded during the first cycle. The results reveal evidence of a multi-step reaction involving the phase transformation of Bi metal to the KBi alloy and ultimately to the K~3~Bi alloy. (b) Schematics illustrating the phase transformation of Bi upon potassiation/depotassiation.](c8sc01848k-f7){#fig7}

Conclusions
===========

In summary, we propose a "concentrated electrolyte" approach to achieve significantly improved electrochemical storage performance for bismuth--potassium batteries. Our results show that a 5 M (*versus* the typical 1 M) ether-based electrolyte can effectively passivate the bismuth--carbon surface by increasing its reduction resistance. This protection enables the realization of a bismuth--potassium battery with a significantly higher reversible capacity (250 mA h g^--1^ at 10 mA g^--1^), electrochemical cyclability and Coulombic efficiency (up to 600 cycles with 85% capacity retention and an average CE of 99.35% at 200 mA g^--1^), as well as depressed potential hysteresis and improved rate capability. This approach paves the way for the incorporation of high capacity anode materials and innovative electrolytes into rechargeable potassium-ion batteries.
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